Abstract Because the classification of extant and fossil articulate brachiopods is based largely upon shell characters observable in fossils, it identifies morphotaxa whose biological status can, in practice, best be inferred from estimates of genetic divergence. Allozyme polymorphism and restriction fragment length polymorphism of mitochondrial DNA (mtDNA RFLP) have been used to show that nuclear and mitochondrial genetic divergence between samples of the cancellothyridid brachiopods Terebratulina septentrionalis from Canada and T. retusa from Europe is compatible with biological speciation, but the genetic distances obtained were biased by methodological limitations. Here, we report estimates of divergence in 12S rDNA mitochondrial sequences within and between samples of these brachiopods. The sequence-based genetic distance between these samples (5.98±0.07% SE) is at least 10 times greater than within them and, since they also differ in a complex life-history trait, their species status is considered to be securely established. Divergence levels between 12S rDNA genes of three other cancellothyridids, T. unguicula from Alaska, T. crossei from near Japan, and Cancellothyris hedleyi from near Australia are higher than between the two North Atlantic species, and the mean nucleotide distance between all these cancellothyrids is similar to the mean distance between species of Littorina (Mollusca: Gastropoda). Sequences of both 12S and 16S genes from cancellothyridids and other short-looped brachiopod species show neither saturation nor lineage-specific rate differences and, when analysed with different outgroups, either separately or together, yield one unexpected, but well-supported, tree with Alaskan T. unguicula basal and C. hedleyi nested within Terebratulina, i.e. these genera are paraphyletic. A geologically dated divergence between Antarctic and New Zealand species of the short-looped brachiopod Liothyrella is used to calibrate the rate of 12S divergence at ca. 0.1% per million years (MY), and this rate is used to infer that T. septentrionalis and T. retusa have been diverging for ca. 60 MY and that they and T. unguicula have been diverging from their last common ancestor for ca. 100 MY. This indicates a Mesozoic origin for the present-day distribution of cancellothyridids and the basal position of T. unguicula suggests a possible North Pacific centre of origin, with separate Atlantic and Pacific radiations. The inclusion of Cancellothyris within Terebratulina also shows that adult shell characters such as umbo, foramen and symphytium shape, whilst probably indispensible for the practical classification of fossils, are not reliable guides to genealogy.
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Introduction
Brachiopods attributed to the family Cancellothyrididae first appeared in the Jurassic and became abundant in the Cretaceous and Tertiary. Cancellothyridid genera recognized in Recent seas include Agulhasia, Cancellothyris, Chlidonophora, Cnismatocentrum, Eucalathis, Murravia and Terebratulina (Cooper 1973) . Of these genera, only Terebratulina is both widely distributed and relatively common, on hard substrates from 5 m down to at least the continental shelf-break. Some members of this family fall into a well-supported molecular clade (Cohen et al. 1998a, c; Cohen 2001) .
The reproductive biology of articulate brachiopods appears to favour speciation: larvae are typically lecithotrophic and short-lived, and larval brooding is not uncommon; larvae are generally rare in near-shore plankton samples and, with one exception, virtually unknown in oceanic plankton (Peck and Robinson 1994; Stanwell-Smith et al. 1999 ). Thus, short-range dispersal is thought to predominate. In many articulate brachiopods including Terebratulina, low dispersal potential is apparent: populations are generally disjunct, young animals commonly settle on the shells of older ones and in localities with restricted water exchange, such as fjords, local populations may be very dense, reaching thousands of individuals per square metre. Moreover, regional endemicity is common (Richardson 1997) . It therefore appears that the distribution of globally widespread genera such as Terebratulina reflects a long history of dispersal involving some combination of slow, current-driven, predominantly coastwise spread along continental shelves, conditioned by plate tectonic and other complex earth-history, vicariance and marine environmental processes, leading to isolation by distance and speciation. However, since brachiopod classification is necessarily based on shell characters that can be determined in fossils, and these characters are rarely clear-cut, designated brachiopod species may not always represent reproductively isolated populations.
There have been few reports of genetic divergence assays within and between brachiopod population samples. In the first such study, no differentiation was detected by allozyme analysis between samples of the inarticulate brachiopod Lingula from three widely separated sites around northern Australia (Hammond and Poiner 1984), and a similar result has been reported for northern Pacific samples (Kusumi et al. 1994 ). More recently, however, re-analysis of the allozyme data and DNA sequence-based analyses revealed substantial differentiation, amounting to cryptic speciation, between some northern Pacific populations of Lingula (Endo et al. 2001) . However, these brachiopods have long-lived, pelagic juveniles, unlike articulate brachiopods, which typically lack a pelagic, planktotrophic stage.
In articulates, genetic differentiation between morphospecies has been studied only in Terebratulina septentrionalis from the Atlantic coast of Canada and T. retusa from western Europe. Morphologically, these forms were separable only by principal components analysis of the shell rib ornament, but allozyme and mitochondrial DNA restriction fragment length polymorphism (mtDNA RFLP) analyses found deep divergence and strongly suggested that T. septentrionalis and T. retusa do, indeed, belong to genetically isolated populations so divergent as to justify biological species status. Around western Europe, however, no significant differentiation was found amongst SCUBA-collected samples of T. retusa (Cohen et al. 1991a (Cohen et al. , 1993 . In these studies the quantities of tissue homogenate and mtDNA available from individual animals were limited, and this made it necessary to preselect informative allozyme loci and restriction enzymes, leading to some overestimation of divergence values. Thus, whilst comparisons within the studies were valid, the results could not be compared with those obtained from other organisms.
Here, we revisit this problem and use polymerase chain reaction (PCR)-based sequence analyses of segments of the mitochondrial 12S rDNA gene to obtain more broadly comparable estimates of divergence within and between population samples of T. retusa and T. septentrionalis. These analyses are based in part on the same individual animal DNAs used in the earlier, RFLP analyses, supplemented by additional specimens from the same or similar samples. The new results confirm that divergence between these morphospecies is at least 10 times greater than divergence within them and therefore support genetic isolation and biological speciation.
Since the relevant mitochondrial rDNA sequences show neither saturation nor lineage-specific rate differences, we also use data from a brachiopod species pair (Liothyrella spp.) and of brachiopod genera separated by a geologically datable vicariance event (isolation of the continental shelves of New Zealand and Antarctica), to approximately calibrate the rate of molecular divergence, and we use this to infer the probable divergence times of Terebratulina spp. These results are compared with the predictions of three phylogeographic hypotheses, leading to the conclusion that the root causes of the present-day diversity pattern of cancellothyridids probably lies in the biogeography of the Mesozoic era. By comparison with mammals and a crab, brachiopod 12S gene sequences appear to evolve slowly, but by comparison with Littorina spp., speciation is associated with similar levels of molecular divergence (Rumbak et al. 1994; Reid et al. 1996) .
In addition to using 12S mitochondrial rDNA sequences to quantify divergence within and between Atlantic Terebratulina, we also use concatenated 12S and 16S rDNA sequences to infer the genealogical relationships of some Atlantic and Pacific cancellothyridids. The results are unexpected: not only does Alaskan T. unguicula branch basally, but there is paraphyly; the morphologically and geographically distinct, South Pacific species Cancellothyris hedleyi clusters amongst Terebratulina spp. in a well-supported clade containing Atlantic and Pacific subclades. These results suggest how and when the present-day distribution of cancellothyridids came about and imply that some taxonomically important brachiopod adult shell characters do not accurately reflect genealogy.
Materials and methods
Details of specimens and sequences are given in Table 1 . DNAs reused from earlier work (Cohen et al. 1991a, b) were selected for volume and amplifiability, not for RFLP haplotype. DNAs were extracted and templates amplified by PCR and prepared for automated sequencing as described (Cohen et al. 1998a; Cohen 2000) . New sequences were obtained with 'universal' primers 12F1091, 12R1478, 16F2510 and 16R3080 (Kocher et al. 1989 Palumbi et al. 1989) , which amplify respectively about 400 base-pairs (bp) of mitochondrial small subunit (12S) ribosomal DNA, and about 600 bp of the mitochondrial large subunit (16S) rDNA.
